Prior to European settlement the Upper Hunter River near Muswellbrook, New South Wales was a passively meandering gravel-bed river of moderate sinuosity and relatively uniform channel width. Analyses of floodplain sedimentology, archival records, parish maps and aerial photographs document marked spatial variability in the pattern of channel change since European settlement in the 1820s. Different types, rates and extents of change are reported for seven zones of adjustment along an 8 km study reach. This variable adjustment reflects imposed antecedent controls (buried terrace material and bedrock), which have significantly influenced local variability in river sensitivity to change, as well as contemporary morphodynamics and geomorphic complexity. Local variability in system responses to disturbance has important implications for future river management and rehabilitation.
Introduction
An understanding of past disturbance response and local sensitivity is a prerequisite for assessing recovery potential and predicting how a reach may respond to future disturbance. These are critical considerations for effective river management and rehabilitation planning. While disturbance to river systems, be it natural or human-induced, is recurrent, the morphological manifestation is often not uniform. This is because the distribution, character and intensity of erosional and depositional processes tend to vary along a river, given the variable capacities of reaches to adjust to and absorb disturbances Brunsden and Thornes, 1979; Thomas, 2001; Werrity and Leys, 2001 ).
Existing geomorphic literature typically focuses on the sensitivity of particular rivers or reaches in terms of the timing, magnitude or nature of response to various disturbances. Disturbance events may induce fundamental and persistent morphological changes over long reaches and very short timeframes in sensitive landscapes, a process sometimes referred to as river metamorphosis (Brooks and Brierley, 1997; Brooks and Brierley, 2000; Erskine, 1986; Schumm, 1969) . In contrast, resistant rivers are insensitive to imposed disturbances and absorb the impacts of perturbations with only minor adjustments to their configuration over considerable timeframes.
A wide range of variables preconditions the sensitivity or resistance of a reach for channel change. Spatially, factors such as sediment supply, planform configuration, channel gradient, hydraulic resistance of the bed and bank induced by vegetation and wood, and bed and bank material texture, influence the sensitivity of a reach to change (Brunsden and Thornes, 1979; Downs and Gregory, 1993; Hickin, 1983) . Temporally, the proximity to a threshold of instability may dictate the magnitude and timing of adjustment to a given disturbance (Brooks et al., 2003; Chappell, 1983; Harvey and Watson, 1986) .
Lagged response and variability in the timing and magnitude of channel adjustment to imposed disturbances are persistent themes in fluvial geomorphology. Lagged response to disturbance is often explained in terms of the recurrence of floods of a given magnitude and duration that exceed the threshold conditions lowered by a disturbance (eg. Schumm, 1979) . It can also be examined in the context of a sequence of floods that magnifies the response of individual floods (Costa and O'Connor, 1995; Nanson, 1986; Newson, 1980) .
In south eastern Australia multi-decadal cycles in the flood regime, known as flood and drought dominated regimes (FDRs and DDRs), have been invoked to explain channel change in some rivers (Erskine and Warner, 1988; Warner, 1987) . While it has been demonstrated that these secular climatic phases do not represent the ultimate cause of channel metamorphosis in south eastern Australia over the last 200 years (Brooks and Brierley, 1997; Brooks and Brierley, 2000; Brooks et al., 2003) , they may account for lagged responses, particularly in circumstances where the disturbance occurs within a DDR and several decades pass before floods of an appropriate magnitude cause the necessary threshold exceedance and geomorphic response. Furthermore, there is little doubt that in the post-disturbance period, such flood and drought phases exert a strong bearing on channel morphodynamics.
It is now clear that European settlement of Australia in the late 18 th and early 19 th centuries significantly altered fluvial dynamics in many rivers (Brooks and Brierley, 1997; Olley and Wasson, 2003; Prosser et al., 2001) . For two thousand years prior to European settlement rivers in coastal south eastern Australia were characterised by relative geomorphic stability (Nanson and Doyle, 1999) . Large scale channel adjustments such as lateral migration were rare and overbank deposition of fine material dominated (Rustomji et al., 2006) . Hydraulic roughness was high as a result of well vegetated riparian zones and instream large woody debris (Brooks et al., 2003) . Following European settlement, unprecedented channel change resulted from a combination of riparian vegetation and wood removal Brooks et al., 2003) , and impacts of stock (Magilligan and McDowell, 1997; Trimble and Mendel, 1995) . In some systems, enhanced channel capacity and reduced instream roughness has markedly increased the geomorphic effectiveness of floods (sensu Wolman and Gerson, 1978) , as floods of a higher magnitude are retained within the enlarged channels (Brooks and Brierley, 2004) . Given current rates of sediment supply and transport in these systems, it will take thousands of years for these rivers to recover to their pre-disturbance dimensions (Brooks and Brierley, 2004; Fryirs and Brierley, 2001) .
Catastrophic change to rivers in south eastern Australia, however, has not been universal and existing studies give us an incomplete view of river sensitivity in this region. The nature and rate of river responses to European settlement disturbance has varied markedly across space and time (Rutherfurd, 2000) . This may reflect differences in the extent and intensity of human impacts, and/or inherent variability in the sensitivity of river systems to disturbance. Attention has been given to investigating spatial patterns of adjustment in this region, including identifying 'river styles' of varying sensitivity , however studies rarely consider local, within-reach (< 1 km) variability. As processes operating at this scale may be critical to ecosystem functionality (e.g. Fisher, in press; Poole, 2002) , improved understanding of local sensitivity and disturbance response is needed for effective river management and rehabilitation planning (cf. Graf, 2000) .
The Hunter River in New South Wales has been the focus of considerable research and enquiry into the nature of post-European river channel changes, commencing with several government enquiries in the mid C19th (eg. Moriarity, 1870) and continuing to more recent times (eg. Erskine, 1985 Erskine, , 1986 Erskine, , 1992 Erskine et al., 1985; Raine and Gardiner, 1995) . Most research has focused on the Mid-Lower Hunter, as this is where the greatest change has occurred.
Change in these lower reaches has typically been rapid (within two decades of disturbance) and extensive (Erskine, 1986) . The Mid-Hunter River at Singleton is today four times its pre-European width (Gardiner, 1991) . Subsequently, the Hunter River has been subjected to more river training works than any other river in New South Wales (Erskine, 1992) . In this study we investigate the variability in channel response to relatively uniform, and typical, disturbance of the riparian and in-channel zone along an 8 km reach of the Upper Hunter River, near
Muswellbrook. We analyse the timing, magnitude and nature of post-European settlement disturbance response at the within-reach scale. This is framed in light of longer term (Late Holocene) river changes along the study reach. Implications for river management and rehabilitation are then explored.
Reach Setting
The Hunter Valley is the third largest coastal catchment in New South Wales, draining an area of approximately 22,000 km 2 ( Figure 1 ). The section of river upstream of the Goulburn River confluence is known as the Upper Hunter River.
The study reach, located 5 km south-west of Muswellbrook, drains an area of 4220 km 2 . Glenbawn Dam, 11 km upstream of Aberdeen, was completed in 1958
and captures approximately 30% of the catchment upstream of the study reach, with a sediment trap efficiency of approximately 98.9% (Erskine, 1985; Erskine, 1992) . Three main tributaries join the Hunter between Glenbawn Dam and the study reach, namely Rouchel Brook, Dart Brook and the Pages River. Rouchel
Brook and its tributaries are bedrock controlled, indicating that they supply very little bedload or suspended load sediment. Studies elsewhere in the region indicate that most suspended and bedload sediment is sourced from bed and bank erosion rather than hillslopes Fryirs and Brierley, 1999; Olley and Wasson, 2003; Wasson et al., 1996) . Dart Brook is a low slope, low capacity, highly sinuous, entrenched stream with cohesive banks and very little gravel bedload.
Pages River is the largest tributary and has undergone significant incision and channel expansion since European settlement. The Lower Pages River is transport limited and a sediment slug extends more than 8 km, almost to its confluence with the Hunter (Fryirs et al., in press ). This slug is a potential future sediment source to the Hunter River.
Rainfall around Muswellbrook averages 600 mm/yr, whereas annual averages in the adjacent Barrington Tops and north-eastern mountains of the upper catchment exceed 1,400 mm/yr. Monthly maximum discharge data for the Hunter River at Muswellbrook are available from 1907 ( Figure 2a ). This record has been augmented with additional archival information about the stage heights of significant floods since 1857 and the flood record was extended back to 1806 using data extrapolated from the Maitland and Singleton gauges (NSW Water Resources Commission, 1984) . These data are presented in Figure The irregular occurrence of floods is evident from Figure 2 (b). Warner (1987) and Erskine and Warner (1988) and June 1977 (Cohen, 2003) . Within these periods there is also a degree of C19th (Raine and Gardiner, 1995; Rankin, 1982) . Mr Alexander Munro stated in 1869 that, when he arrived in Singleton (Mid Hunter) in 1830, there were a great many oaks on the banks of the river and growing in the channel, but these were gone by 1857 (Moriarty, 1870) . Between 1832 and 1857 the Mid-Lower reaches of the Hunter showed signs of significant change in channel planform and geometry. Channel widening, bank erosion and cut-offs were characteristic between the mid C19th and early C20th. The Hunter River at Singleton doubled in width between 1841 and 1969 (Moriarty, 1870) . Today it is four times its preEuropean width (Gardiner, 1991) and is sand dominated due to the input of extensive sandy bedload from the Goulburn River tributary (Figure 1 ).
Methods

Determining pre-European river condition
The condition of the Upper Hunter River prior to European settlement was determined using various archival data, including early explorers and settlers notes, surveyors' journals, diaries and books that contain descriptions of the physical condition of the landscape at the time of European settlement. A series of parish maps (electronic copies, originals 3 inches to the mile) dating back to 1883 show the channel planform. Historical reports were supplemented with analyses of floodplain and palaeochannel sedimentology, providing further evidence of river morphology and behaviour prior to European settlement.
Former channel dimensions were interpreted from trenching and drill holes at three palaeochannels (the Kehua cut-off, Cow Trench cut-off and Bengalla Road palaeochannel; see Figure 1 ). Where available, charcoal was collected for C 14 dating. The textural variability of floodplain sediment from seven auger holes, located on the outside of the meander bends, was analysed at 20 cm intervals using a Malvern Mastersizer.
Determining the magnitude, nature and spatial variability in river change
The study reach is characterised by clear spatial variability in macrochannel width ( Figure 1 ). The degree of adjustment was measured by comparing contemporary cross section surveys and a 1m LiDAR derived DEM against channel width indicated on the first parish map (1883). In order to compare various sub-reaches an arbitrary three tiered adjustment classification was established, firstly to differentiate between expanded and non-expanded zones, and then to look for differences in the extremes of expanded zones. These were termed low, intermediate and high adjustment zones, which respectively were designated to have expanded less than 25%, 25-150% and more than 150%.
Definition of sub-reaches was limited to a minimum length of 500m (as measured along the low flow thalweg). This classification resulted in seven adjustment zones. The main geomorphic units (bars, benches and low flow channel variability) within each adjustment zone were characterised from field surveys and aerial photograph analysis. The number of geomorphic units per km of channel length was calculated as an indication of geomorphic complexity (Graf, 2006) .
Determining the timing of river change
The timing of river change was determined from analysis of historical parish maps (1883-1938), aerial photographs (1938-2004) and records of engineering works carried out in the study reach . Historical parish maps and aerial photographs were used to examine the configuration of the macrochannel, 1958, 1967, 1969, 1974, 1979, 1982, 1989, 1998 and 2004. In order to examine the influence of river works on contemporary river morphology, data on the location, type and date of river works were compiled from fortnightly progress reports held as historical records at the Scone Research
Centre. Unfortunately, the data set is incomplete, as some documents have been destroyed (Elsley, 2005 Pers. comm.) . Hence, the data presented underestimate the total number of works undertaken.
Results
The geomorphic character of the Upper Hunter River at the time of European settlement
Early explorer accounts of river morphology at the time of European settlement
In 1824 branching evergreens scattered singly or in irregular clumps; the river winding through the midst; whilst dark-foliaged swamp-oaks bordering with a deep-green fringe its steep and grassy banks, and the gently rising hills beyond, thinly clothed with wide spreading forest trees, extend in diversified magnificence as far as the eye can reach" (Cunningham, 1827: p145) . Peter Cunningham also painted a vivid picture of the floodplain around Edinglassie (Figure 1 ), describing the land as "in all these luxuriant plains there is scarcely a superfluous tree to be seen, not often above a dozen to the acre; and patches of acres are here and there met with destitute even of one" (Cunningham, 1827 p146) . The rising hills beyond were more densely populated with timber (Wood, 1972) . 
Floodplain sedimentology and palaeochannel dimensions -insights into late Holocene channel and floodplain morphodynamics
Particle size analysis of the auger holes adjacent to each sub-reach (zone)
shows the floodplains predominantly comprise silts and fine sands with average grain size ranging from 46 to 179 μm (Table 1) However, given that these trenches were excavated across the apex of bends, these measurements represent the upper limit of the widths and depths of the pre-European channel. The bedload material in the palaeochannels ranges in size from granule to pebbles and is notably more uniform than the contemporary channel, where bedload composition ranges from sand to large cobbles and occasional boulders (Hoyle et al., in press ). . The latter date is considered to be reworked and unreliable (Blong and Gillespie, 1978) , as it is considerably older than the adjacent floodplain deposits. This infers that the Cow trench cut-off occurred at some stage prior to 261 +/-42 years BP, making it a pre-European settlement channel (and potentially of mid-Holocene age). Given its location and degree of infilling, the Bengalla palaeochannel is inferred to be considerably older than Cow trench cutoff.
Parish maps from 1883 show the Kehua cut-off (Figure 1 ) channel to be active.
However, by the earliest aerial photograph in 1938 this section of channel has been cut off. Therefore, the Kehua cut-off is post-European and at least 70 years old. During this time there has been 3.5 m of channel fill.
The contemporary character of the Upper Hunter River
The contemporary study reach comprises an alluvial low-moderate sinuosity gravel-bed river with a moderately well defined pool-riffle sequence. Along most of the study reach, the low flow channel is inset within a macrochannel. (Table 1) Timing and nature of channel response to disturbance in the study reach
Despite the presence of numerous palaeochannels (Figure 1 ), indications are that the system at the time of European settlement was a passively meandering channel (sensu Richards, 1982) with relatively uniform channel dimensions.
Palaeochannel data indicate that the channel was narrow, with less variability in width than the contemporary macrochannel. Studies elsewhere (eg. Brooks et al, 2003) indicate that bed form variability (and hence form roughness), along with wood and vegetation roughness, would have been substantially higher than today.
European settlement (1820's) to 1897
The earliest Parish map of the reach, dating from 1883, and the subsequent 1892 map show a moderately sinuous channel (reach length thalweg sinuosity was 1.94) of narrow and relatively uniform width (Figures 6 and 7) . The sinuosity varied significantly along the reach with the low adjustment zones being least sinuous and the high adjustment zones most sinuous (Table 1) 
1897-1938
All non-engineered cut-offs occurred prior to the first set of air photographs in 1938. Subsequent to cut-off formation, the study reach experienced a phase of macrochannel expansion and localised low flow channel realignment. The parish maps indicate that the majority of expansion occurred between 1918 and 1938.
The expansion was most pronounced along the tightest bends within the most sinuous subreaches. This resulted in the formation of the intermediate and high adjustment zones (Figures 5 and 7) . The 1938 aerial photographs show that although the macrochannel had significantly widened, the surfaces within the macrochannel were of relatively high elevation. This indicates that significant deposition within the macrochannel occurred following expansion (forming benches) or that the expansion did not mobilise material to the depth of the low flow channel across the entire macrochannel, leaving ledges (sensu .
1938-1955
Further expansion of the macrochannel after 1938 has been negligible, despite the lack of riparian vegetation ( Quantitative spatial analysis of aerial photographs, using GIS to measure the surface area of geomorphic units as a ratio of macrochannel area, highlights various phases of erosion and deposition within the macrochannel (Table 3) .
Since 1938 there has been minor enlargement of the macrochannel and shortening (i.e. straightening) of the low flow channel. In 1938 the macrochannel was comprised primarily of benches with few bars (mostly compound lateral and compound point bar features). The 1:100 year event in 1955 caused significant erosion of benches, resulting in an increase in the surface area of compound point bars and a corresponding reduction in bench area (Table 3) .
1955-present
Since 1955 there has been an increase in bench area and a corresponding decrease in bar area. This indicates a transition in river behaviour towards net deposition. This transition occurred in the 1970's and is presented in the 1979 timeslice in Figure 7 . During this period the river was also subjected to extensive sand and gravel extraction. The annual excavation rate from the Upper Hunter was estimated in 1983 to be about 200,000 tonnes, a rate that greatly exceeded the rate of replenishment by bedload transport (Erskine, 1985) .
The contemporary channel within the study reach appears to be incised into a basal gravel lag by up to 4 m in places or locally sits on bedrock. However, the evidence for wholesale channel incision is equivocal. Palaeochannel dimensions indicate that pre-European channel depths are similar to the present day, and exposed basal lags can be explained by lateral erosion into former bar deposits.
Rating curve changes at the Muswellbrook gauge (6.2 km upstream of reach)
suggest there has been up to 0.75m of incision between the late 1950s and 1985 (Erskine, 1992) . However, analysis of data over a longer time series shows that the bed level in the early twentieth century was roughly similar to the present day, and that there was a major aggradational phase (+1m) in the 1950s followed by degradation to the mid 1980s, and some aggradation since then (Shellberg and Brooks, unpublished data). Local incision has certainly occurred in association with artificial channel straightening, which shortened channel length by more than 10 %, but the expression of this incision is highly localised. Bed armouring and bedrock exposure, both downstream of, and within the study reach, make further incision unlikely. Follow-up works, aimed at repairing, replacing and maintaining the original works, make up a large proportion of the works. Planting of willows, river oaks and poplars was regularly undertaken until 1996. No bed control structures were installed along the reach. The density of works in the low adjustment zones is less than half that of the high and intermediate zones (Figure 4) , reflecting the greater degree of channel adjustment in zones of higher sinuosity.
Implementation of works was generally reactive, as they were applied after most channel changes had already occurred (Spink, 2006) . The reduction in the density of works over time is in line with the level of historical channel adjustment. Enhanced stability of bar and bench features brought about by instream engineering works and associated willow planting programs has resulted in little adjustment in the location of the low flow channel since 1974 (Raine and Gardiner, 1994) , effectively "pinning" it in place. Low flow thalweg sinuosity is now 1.74.
Discussion
River systems, and local sections of any given system, have variable capacities to absorb the impacts of disturbance events. Despite the relatively uniform nature of human impacts along rivers following European settlement of south eastern Australia, pronounced spatial variability in the pattern, rate and extent of system response to disturbance is evident (eg. Rutherfurd, 2000) . This study demonstrates that there is marked variability in the timing, nature and extent of response to European settlement disturbance in the Upper Hunter relative to the Mid and Lower Hunter, and that there is also significant variability at a much more localised scale, within a short (8 km) reach.
The Upper Hunter relative to the Mid-Lower Hunter: Variable timing, nature and extent of geomorphic responses
Although the Upper Hunter was settled only a decade after the Mid-Lower
Hunter, it appears not to have demonstrated appreciable channel response for at least 70 years. This is despite the fact that channels were subjected to an equivalent disturbance history to that experienced downstream and that four 
Phases of morphodynamic change in the Upper Hunter study reach
Various phases of channel adjustment in the study reach, and associated changes in morphodynamics, are summarised as a conceptual model in Figure   10 . Prior to European settlement the most significant human disturbance to the Australian landscape was the periodic burning of vegetation, carried out by
Aboriginal people as part of their standard land management practices (Dodson and Mooney, 2002; Prosser, 1990) . However, there is no evidence to suggest that, within the last few thousand years at least, this or any other influence caused the degree of morphologic adjustment experienced in the study reach since European settlement. The channel filling and floodplain aggradation rates observed over the last few thousand years would appear to be too low to have completely infilled a macrochannel of similar magnitude to that observed today, had such a feature been associated with the sampled palaeochannels. It is inferred that the pre-European channel had limited ability to adjust laterally due to the cohesive nature of bank materials, the densely vegetated banks, and localised buried terraces and bedrock that constrained lateral movement. Hence, the planform of the river is considered to have been passive-meandering (sensu Richards, 1982) . Although the pre-European system experienced low rates of lateral migration, it was prone to avulsion, resulting in the formation of palaeochannels, preserved as neck cut-offs and whole channel sections. The 
Implications for management and future rehabilitation planning
Most studies of river responses to disturbance have focused on gross reachaveraged adjustments, rather than considering within-reach variability. However, this study indicates that an understanding of adjustments at both scales is necessary to appreciate variable sensitivity and therefore ensure effective management. While principles of hydraulic geometry describe systematic downstream increases in channel dimensions (Leopold and Maddock, 1953) , these relationships mask local-and reach-scale variability. Plots of downstream trends in variables such as channel width commonly exhibit scatter which can vary by an order of magnitude either side of the trend line (eg. Knighton, 1998) .
While these first order trends are critical for deriving geomorphic theory, understanding the second order controls that explain scatter around the trend are likely to be of equal importance to river managers developing rehabilitation and management strategies at a scale that is practical for on-ground activities.
Considerable amounts of money can be wasted stabilising sections of river that don't need stabilising and vice versa. For instance rock revetment and willow planting was carried out in the low adjustment zones of the study reach in the 1990's ( Figure 4 ). This study shows that mapping of geomorphic controls, along with analysis of variability in downstream channel width and channel capacity, would potentially have helped river managers understand the differential sensitivity of some reaches to disturbance, prospectively saving large amounts of money that were spent on river works that were probably unnecessary.
Knowledge of the pre-European condition provides a key template with which to appraise geomorphic alterations to the Hunter River system. Understanding the within-reach variability in geomorphic responses to disturbance aids our interpretation of river sensitivity/resistance, aiding prediction of how the river may behave in the future. While it is probable that there was an initial spike in sediment supply, particularly prior to the closure of Glenbawn Dam, the current limited supply of bedload material from the upper catchment means that prospects for geomorphic recovery (i.e. macrochannel infilling) are slight over management timeframes (as noted by Brooks and Brierley, 2004) .
Contrary to many studies which have demonstrated significant homogenisation of channel morphology as a result of anthropogenic disturbance (e.g. Brierley et al., 1999) , this section of the Upper Hunter may have developed a more complex morphology following disturbance. Increased complexity is, however, unlikely to have been applied equally to all aspects of the system. For example, it is possible that the channel long profile has been homogenised with the removal of wood from the channel (sensu Brooks et al., 2003) , whereas the complexity of inchannel bars and benches is likely to be much greater now than in the preexisting system. These changes in geomorphic complexity may significantly impact on aquatic and riparian ecosystem processes and dynamics, with greater prospects for ecological recovery in some zones. Understanding these linkages is vital for rehabilitation planning Wolfenden et al., 2005) .
Sub-reach scale geomorphic variations present major variations in aquatic and riparian habitat (eg. Downes et al., 1995) . Ideally, this intra-reach variability should be incorporated into rehabilitation design principles, rather than uniform engineered channel dimensions based on the predicted hydraulic geometry.
Conclusion
This study has demonstrated significant variability in the timing, nature and extent of geomorphic response to European settlement at both the reach and within-reach scale. The Upper Hunter River is a less sensitive system than the Mid-Lower reaches which is most likely to be a function of different bed and bank sediments. Variable macrochannel expansion has been associated with the presence of localised antecedent controls. As local variability has important implications for ecological processes, understanding spatial variability at this scale may be fundamental for future river management and rehabilitation. 
